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Abstract 

A study of the lean NO x reduction activity with propene in the presence of water over Ag/Ah03 catalysts with different 
silver loadings (1.5-6 wt.%), prepared by precipitation from inverse microemulsions, has been performed. The highest NO x 
reduction activities were observed for catalysts with intermediate silver loadings. Complementary in situ-DRIFTS results 
on one of the active catalysts indicate formation of surface adsorbed acrylate and nitrate species resulting from oxidation 
of propene and NO, and of isocyanate and cyanide species, which are final intermediates in the NO* reduction process. 
Comparison by in situ-DRIFTS between one of the active catalysts (with 1.5 wt.% Ag) and an inactive one (with 6 wt.% 
Ag) reveals that a certain nitrate concentration is maintained under reaction conditions at the surface of active catalysts. 
This is attributed to the existence of different NO x reaction paths, involving interaction of activated NO x species with acidic 
hydroxyls of the alumina surface for active catalysts. Characterisation results by XRD and TEM indicate that amorphous 
silver-containing phases which are active for NO* reduction lie over a wide range of particle sizes, while the different size of 
these entities before and after reaction indicates significant mobility under reaction conditions. © 2000 Elsevier Science B.V. 
All rights reserved. 
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1. Introduction 

Selective catalytic reduction (SCR) of NO x in the 
oxygen rich exhaust streams of lean burn engines re- 
mains one of the major challenges for environmental 
catalysis. Cu-ZSM-5 was the first catalyst displaying 
good lean NO* reduction activity, after the discovery 
by Iwamoto et al. [1] that this system is particularly 
active for NO decomposition in the presence of O2. 
However, it was later shown that this catalyst lacks the 
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stability required for operation in high temperature ex- 
hausts containing water and/or SO2 [2,3], a problem 
which can be generally extended to all zeolite-based 
systems [4]. Best results in this respect have been ob- 
served when using alumina supported systems [5,6]. 
Among them, Pt and Pd catalysts have shown high ac- 
tivity for the reaction, presenting NO x conversion win- 
dows at much lower temperatures than zeolite based 
catalysts [7]. They are, however, highly selective to- 
wards N2O, an undesirable greenhouse gas [8]. 

Alumina supported silver is an effective catalyst for 
lean NO reduction with C 3 H 6 [6,9]. The catalytic ac- 
tivity of this material is maintained at a relatively high 
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level even in the presence of H 2 0 and S0 2 [9,10]. 
Higher NO conversions, and at lower temperatures, are 
generally observed when using oxygenated hydrocar- 
bons, such as ethanol and acetone as reductants instead 
of propene [9]. Unfortunately, harmful by-products, 
such as hydrogen cyanide, can be formed when using 
those oxygenated reductants [11]. 

The effectiveness of the Ag/Al 2 0 3 catalyst depends 
greatly on the Ag loading, best catalytic performance 
being achieved with intermediate loadings (2-3%) 
[9,12]. Higher silver loadings produce higher rates of 
C 3 H 6 oxidation with 0 2 , at the expense of its reacuon 
with NO. This has been attributed to the detrimental 
effect of increasing the particle size of silver oxide 
entities, yielding reducible entities (leading to Ag ) 
more readily with a higher activity for non-selective 
propene oxidation [12]. It has been proposed that for 
lower size clusters, silver can be stabilised in an oxi- 
dised (Ag + ) state, as a consequence of the interaction 
with the alumina support, which would constitute the 
active centres for the NO x reduction reacuon [12]. 
In this respect, an Ag/Al 2 0 3 catalyst has been re- 
ported to improve markedly in performance after an 
XRD-detectable silver aluminate phase is generated 
by hydrothermal treatment at 1073 K [13]. It may also 
be recalled that, when present as cations exchanged 
in zeolites, i.e. a situation where it is less easy to form 
large particles of oxide or metal, NO, conversion 
(using CH4 as reductant) does not decrease with Ag 
loading increasing up to ca. 10% by weight [14]. 

The aim of the present work is to study the cat- 
alytic activity in lean NO reduction with C3H6 in the 
presence of water for Ag/Al 2 0 3 catalysts prepared by 
precipitating silver entities from inverse microemul- 
sions, a preparation method which is most appropriate 
in obtaining nanosized particles [15]. 



2. Experimental 

Alumina supported silver catalysts of different 
Ag loadings were prepared using AgN0 3 (supplied 
by Aldrich) as silver precursor and A1 2 0 3 (Condea, 
5 BET= 200 m 2 g" ! ) as support. Aqueous solutions 
containing different AgN0 3 concentrations (in order 
to obtain final nominal silver loadings of 1.5, 3 and 
6wt.%) were prepared. For each of these solutions, 
an inverse microemulsion (water in organic) was 



prepared by mixing while stirring 50 g of the aque- 
ous solution with 427 g of heptane, 92 g of hexanol 
and 89 g of a surfactant (Triton X-100, supplied by 
Aldrich). Then, the appropriate amount of alumina 
was introduced to the microemulsion, stirring the 
resulting suspension during 1 h prior to mixing with 
a microemulsion of similar characteristics, contain- 
ing an aqueous solution of tetramethyl ammonium 
hydroxide pentahydrate (Aldrich) in concentrations 
similar to those of the corresponding AgN03 solu- 
tions, used as precipitating agent The mixture was 
then stirred for 24 h, after which the resulting sus- 
pension was centrifuged and decanted, the remaining 
solid being washed with methanol, centrifuged and 
decanted again. The solid was then dried for a short 
period at room temperature, then at 383 K for 24 h, 
and finally calcined in air at 773 K for 2h. Ag analy- 
ses of the samples by ICP-AES yielded values which 
coincide, within the error limits, with the nominal 
values, which indicate that a thorough silver precipita- 
tion was achieved in all cases. Samples are denoted as 
1 .5Ag, 3Ag and 6Ag, in accordance with the weight 
loadings. The BET surface areas showed values simi- 
lar to that of the parent alumina. A portion of the 3Ag 
catalyst calcined at 773 K was further calcined in air 
at 1073 K for 2h. 

Powder XRD patterns were recorded on a Siemens 
D-500 diffractometer using nickel -filtered Cu Kot radi- 
ation operating at 40 kV and 25 mA and with a 0.025° 
step size. 

Samples for transmission electron microscopy 
(TEM) were prepared by crushing in an agate mortar, 
dispersing in isobutanol, and depositing on perforated 
carbon films supported on copper grids. The TEM 
data were obtained on a JEOL 2000 FX II system 
(with 3.1 point resolution) equipped with a LINK 
probe for energy-dispersive analysis (EDX). 

Catalytic activity tests were performed in a pyrex 
flow reactor system using a feed stream consisting of 
0.1% NO, 0.1% C 3 H 6 , 5% O2 and 3% H 2 0 (N 2 bal- 
ance; ca. 1 x 10 3 cm 3 min" 1 g~ ! at a fixed space veloc- 
ity of 4x 10 4 h" 1 ). The effluent from the reactor, with 
the exception of H 2 0 which was (mostly) removed by 
a cold trap (NaCl-ice mixture), was analysed on line 
using a Perkin-Elmer 1725X FTIR spectrometer cou- 
pled with a multiple reflection transmission cell (In- 
frared Analysis Inc.). In all cases, the samples were 
subjected to a calcination pretreatment in situ in dry air 
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at 773 K. Typical tests were performed in the light-off 
mode by increasing the temperature of the feed stream 
from 298 to 823 K at 5 Kmin" 1 . 

In situ-DRIFTS experiments were performed using 
a Perkin-Elmer 1750 FTIR fitted with an MCT de- 
tector. The DRIFTS cell (Harrick) was equipped with 
CaF2 windows and a heating cartridge that allowed 
samples to be heated up to 773 K. The spectral reso- 
lution employed was 4 cm -1 . Samples of ca. 80 mg 
were calcined in situ in dry air at 773 K. The spectra 
were taken by accumulating 25 scans, except where 
noted otherwise. The composition of the inlet gases 
was manipulated by a computer controlled gas blender 
with 80 cm 3 min" 1 passing through the catalyst bed, 
and with the NO x gases in the outlet from the DRIFTS 
cell monitored by a chemiluminiscence analyser 
(Thermo Environmental Instruments 42C high level 
analyser). 



3. Results 

3.L Catalytic activity tests 

Fig. 1 shows the propene and NO, (NO+NO2) con- 
versions, along with the yields of NO2 and CO for the 
C3H6-SCR of NO in the presence of water. No other 
nitrogen or carbon containing product except CO2 
(e.g. N2O or oxygenated hydrocarbons) was detected 
in the evolved gases, indicating that NO x is fully con- 
verted to N2 and that no products resulting from par- 
tial oxidation of propene (with the exception of CO) 
were formed. The absence of N2O and the detection 
of CO contrast with previous studies in which a cer- 
tain (generally small and dependent on silver loading) 
N2O selectivity and full propene combustion was ob- 
served for Ag/Al 2 0 3 catalysts [12,16]. The alumina 
support showed very low SCR activity, which can be 
attributed to the deactivation of the system induced by 
the presence of water [12]. 

The results indicate the promoting effect of silver at 
intermediate loadings on the SCR reaction, in agree- 
ment with a previous report [9]. The results observed 
for sample 6Ag show certain similarities with previous 
reports [8,12], in the sense that low NO* conversion 
levels are achieved over alumina supported samples 
with relatively high silver loadings, while relatively 
higher non-selective C3H6 combustion is achieved. On 



the other hand, 1 .5Ag and 3 Ag are active for NO x 
reduction, showing similar NO x and C3H6 conver- 
sion profiles. A certain correlation is found between 
the NO x reduction activity and the presence of higher 
amounts of NO2 at temperatures at which NO* re- 
duction activity starts for the 1 .5 Ag and 3Ag samples. 
Comparison of the NO* reduction activity of these 
two samples reveals only subtle differences for T<ca. 
673 K at which low NO x conversions are observed, 
which, in view of the absence of C3H6 oxidation under 
these conditions and the absence of other N-containing 
products, can be attributed to NO* adsorption phe- 
nomena. 

In previous studies, the SCR catalytic activity of 
alumina-promoted catalysts had been improved by 
subjecting them to high calcination temperatures (typ- 
ically 1073 K [13,16]), which has been attributed to 
formation of aluminate phases which are less efficient 
for the non-selective combustion of the reductant than 
the corresponding alumina-supported oxides [13,16], 
A similar pretreatment was performed here for the 
3Ag catalyst. As shown in Fig. 1, this pretreatment 
produces a slight lowering of the NO x reduction ac- 
tivity of the system while maintaining roughly similar 
profiles as the parent 3Ag catalyst for C3H6 conver- 
sion, and NO2 and CO yields. 

3.2. In situ-DRIFTS experiments 

DRIFT spectra of the fresh 1.5Ag and 6Ag sam- 
ples calcined in dry air, recorded at 298 K, are shown 
in Fig. 2. Both samples display bands in the hydroxyl 
stretching region of a similar nature at 3731 (with a 
higher frequency shoulder), 3680 and 3620 cm" 1 , and 
a broader one below 3600 cm" 1 showing a maximum 
at 3573 cm" 1 and a shoulder at lower frequency ex- 
tending to ca. 3500 cm" 1 . A slightly greater inten- 
sity at 3573-3550 cm" 1 for 1.5Ag was the only sig- 
nificant difference between the samples. These bands 
can all be attributed to diverse surface Al-OH groups. 
Bands in the 3800-3600 cm" 1 region correspond to 
different isolated hydroxyl species, their frequency 
being related to the nature of the Al cation and/or 
to the coordination number of the corresponding hy- 
droxyl group [17,34]. On the other hand, features at 
3573-3500 cm -1 can be assigned to associated (mutu- 
ally interacting by hydrogen bonds) hydroxyl groups 
[17,34]. The spectra of both samples also show bands 




at 1655, 1438 and 1228 attributed to residual alu- 
mina hydrogencarbonate species [18]. Other features 
at 1554-1520, 1353-1340 and 1252 cm- 1 were appar- 
ent in sample 6Ag, although they may also be present 
with a lower intensity in sample 1.5Ag. These sug- 
gest different CO x (carbonates or carboxylate species) 
and/or NO, (nitrates or nitrites) species [19]. The 
greater intensity at higher silver loading suggests that 
these bands may originate from incomplete decom- 
position of precursors employed for silver deposition 
during the preparation procedure. 

DRIFT spectra of sample 1 .5 Ag recorded under re- 
action conditions are shown in Fig. 3. The results 
show that hydrogen carbonate species present in the 
initial sample (Fig. 3a) are not involved in the : reac- 
tion as they have already disappeared at 7<573K. 
These spectra show the generation of species giving a 
band at 1 546 cm" 1 and a shoulder at ca. 1250 cm , 



which are present at T>573 K, and bands or shoul- 
ders at 1576, 1457, 1377 and 1294cm" 1 appearing 
for T>673 K. Both groups of bands show increasing 
intensity with reaction temperature. Additionally, cer- 
tain modifications to the hydroxyl species are pro- 
duced during the course of reaction, the most intense 
of which appear at 3716, 3677 and 3567 cm in the 
spectrum recorded at 773 K (Fig. 3d). Careful inspec- 
tion of the 2400-2000 cm" 1 region (inset of Fig. 3), 
reveals the formation of gas phase C0 2 giving bands 
at 2372 and 2345 cm" 1 , in good agreement with the 
activity data (Fig. 1), and of weak bands at 2243 
and 2167 cm" 1 , due to chemisorbed isocyanate and 
cyanide species, respectively [20], for the experiment 
performed at 773 K. These latter species have been 
proposed as final intermediates in the NO, reduc- 
tion process: isocyanate species readily decompose to 
the final products upon interaction with NO and/or 
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O2 [20-22], while cyanide species, although show- 
ing lesser activity [16,22], are also thought to be in- 
volved in the process either directly interacting with 
the reactant mixture [22] or through their conversion 



to isocyanate species [23]. Their detection in spectra 
recorded at 773 K is consistent with the observation 
of NOjc reduction activity at this temperature for this 
catalyst. 




Fig. 3. In situ-DRJFTS spectra of 1.5Ag. (a) Initial calcined sample recorded at room temperature. Spectra recorded under reaction 
conditions: 0.1% NO, 0.1% C 3 H 6 , 5% O2 and 3% H 2 0 (N 2 balance, total flow=100cm 3 min" 1 ); at (b) 573, (c) 673 and (d) 773 K. 
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Fig. 4. In situ -DRIFTS spectra of 1.5Ag recorded al 723 K in (a) 0.16% NO+5% Q*. Subsequent addition of (b) 0 
0.16% C3H6 to the reactant flow. 



.08% C 3 H 6 and (c) 



In order to identify the different species observed 
in the infrared spectra and to obtain further insight 
into the catalytic behaviour of these systems, infrared 
spectra were obtained for samples 1.5Ag and 6Ag 
(Figs. 4 and 5) under reaction conditions using vari- 
ous gas mixtures. To achieve more precise detection 
of the changes occurring at the catalyst surface upon 
interaction with the different gases, following the cal- 
cination pretreatment in dry air at 773 K under similar 
conditions as employed for the catalytic tests, the sam- 
ples were cooled in dry air at 723 K, before switching 
to inert gas (N 2 ) for 15min and recording the back- 
ground spectrum under these conditions. The desired 
reactant gases (diluted in N 2 ) were then flown through 
the cell at that temperature (leaving at least lOmin 
contact with the corresponding reactant gases in every 
case) and the changes occurring in the infrared spectra 
were recorded (100 scans being accumulated for these 
experiments). At this recording temperature (723 K), 
significant NO* reduction activity was observed for 
sample 1.5Ag while sample 6Ag was almost inactive 

(Fig. 1). u , 

Introduction of NO+O2 produces two main bands 
in the spectra of both samples (Figs. 4 and 5a) at 
ca. 1550 (with a higher frequency shoulder) and ca. 



1245 cm"" 1 , that can be attributed to different (mono- 
dentate and bidentate) nitrate species adsorbed on the 
alumina surface [24,25]. A small band at 1706 cm 
was also noted in the case of sample 1.5Ag (Fig. 4a). 
The small differences in the frequencies of bands due 
to nitrate species between both samples can be as- 
cribed to slight differences in the local environment of 
adsorption sites of the nitrate species. This is shown 
in the OH stretching region of the spectra where neg- 
ative bands are concomitantly produced for sample 
1.5Ag, particularly affecting the more acidic hydrox- 
yls at 3563 cm" 1 , and to a lesser extent the less acidic 
hydroxyls at 3696 and 3752 cm~ l . This indicates that 
the NO, adsorption process involves, at least to some 
extent, interactions with specific hydroxyl species of 
this sample, whereas no such pronounced changes oc- 
cur in the hydroxyl species of sample 6Ag. 

Subsequent addition of C 3 H 6 to the flowing gas 
mixture (Figs. 4b-c and 5b-c) produced the appear- 
ance of a group of bands at 1642, 1572-1560, 1455, 
1377 and 1298 cm" 1 (along with a weaker band at 
2910 cm"" 1 ) for both samples. Also, certain changes 
were noted in the hydroxyl stretching region upon in- 
troduction of propene, involving mainly a decrease in 
intensity at 3752 cm** 1 , which was more significant for 
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Fig. 5. In situ-DRIFTS spectra of 6Ag recorded at 723 K in (a) 0.16% NO+5% O2. Subsequent addition of (b) 0.08% C 3 H 6 and (c) 
0.16% C3H6 to the reactant flow. 



sample 6Ag. A slight recovery of the acidic hydroxy! 
band at 3563 cm -1 was observed for 1.5Ag; this ef- 
fect being more pronounced when NO was eliminated 
from the gas mixture. Other differences between the 
samples include the exclusive appearance of bands at 
2160 and 2127 cm -1 for sample 1.5Ag, which dis- 
appeared when NO was removed from the gas flow. 
Both bands can be attributed to cyanide species ad- 
sorbed at different sites of the catalyst [21,22]. Addi- 
tionally, differences in the evolution of nitrate bands 
for both samples were produced upon C3H4 incor- 
poration. Nitrate species were diminished for sample 
6Ag upon introduction of 800 ppm C3H6 to the re- 
actant flow and were strongly depleted in the pres- 
ence of 1600 ppm C3H6 (only a small shoulder at ca. 
1530 cm -1 was detected, which might correspond to 
such nitrate species [25]). In contrast, although a cer- 
tain depletion of nitrate species was produced for sam- 
ple 1.5Ag upon introduction of C3H6, these species 
were still present in detectable quantities even af- 
ter introduction of 1600 ppm, under conditions which 
approximate those employed for the catalytic tests 
in which equimolar amounts of NO and C3H6 were 
employed. This analysis was mainly based on the 
evolution shown by the non-overlapping nitrate band 



at ca. 1245 cm -1 . A good correlation could also be 
noted between the loss of intensity of this band and 
a greater blue shift of the band at 1572-1 560 cm -1 , 
which showed reduced width and a lower relative in- 
tensity with respect to the band at 1455 cm" 1 . These 
facts suggest that the feature at 1572-1 560cm -1 for 
1 .5 Ag (Fig. 4c) could be formed by overlap between a 
band due to nitrate (at lower wavenumbers) and an ad- 
sorbed C3H6-derived species giving a band at higher 
wavenumbers in that region, as will be analysed be- 
low. On the other hand, subsequent introduction of 3% 
H2O did not produce any significant changes in the 
spectra of either of the samples, except for a slight re- 
covery of intensity of the hydroxyl at 3563 cm -1 for 
sample 1.5Ag. 

As uncertainty exists in respect to assignment of 
the bands at 1642 and 1377 cm -1 to N-containing 
organic compounds (organo-nitrite or oxime species) 
[16], an experiment was performed by firstly introduc- 
ing C3H6 and then O2 to the 1.5Ag sample (Fig. 6a). 
No changes were apparent in the infrared spectrum 
after flowing C3H6 (1600ppm) alone at 723 K, de- 
spite considerable darkening of the sample, most likely 
due to generation of carbonaceous deposits and/or to 
an extensive sample reduction. Subsequent introduc- 
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of 1.5Ag recorded at 723K in (a) 0.16% C 3 H 6 +5% O z . (b) Subsequent incorporation of 0.16% NO to the 



tion of 5% 0 2 restored the initial white colour to 
the sample, and generated species giving bands at 
1642, 1565, 1455 and 1377 cm- 1 (and probably also 
at 1298 cm" 1 ). This confirms the assignment of these 
bands to a N-free species. Additionally, a small band 
at 2945 cm" 1 was detected (due to C-H stretching vi- 
brations of the corresponding C x U y O z species) while 
negative bands due to depletion of hydroxyls at 3752 
and 3668 cm- 1 were observed and a hydroxyl at ca. 
3500 cm- 1 was generated. Interestingly, no NO x re- 
duction was detected in this case, in correlation with 
the failure to detect cyanide or isocyanate bands, upon 
subsequent NO incorporation to the gas mixture, in- 
dicating that the sample was deactivated by the initial 
contact with propene. No indication to suggest reactiv- 
ity of the more acidic hydroxyl species was observed 
under these conditions (Fig. 6b). The spectrum shown 
in Fig. 6a shows certain similarities with that observed 
for propionic acid adsorption on -v-AhC^ [24], sug- 
gesting that the corresponding adsorbed species are 
propionate complexes. Analysis of the spectrum sug- 
gests, however, that a C=C double bond is present in 
the adsorbed complex. The most intense bands at 1565 
and 1455 cm- 1 indicate the v a sCOO and v s cOO stretch- 
ing modes, respectively, of a carboxylate group. The 



band at 1 642 cm" 1 is characteristic of the existence of 
unsaturated bonds being attributed to the vc=C stretch- 
ing mode, while the band at 1377 cm" 1 can be at- 
tributed to the S c -H vibration [19,26]. It is important 
to note that vc-C vibrations would be expected to ap- 
pear at wave numbers below ca. 1300 cm" 1 ; thus, the 
presence of a band at 1640 cm" 1 is not expected for 
a saturated organic-carboxylate complex [19]. In this 
sense, the band which eventually appears simultane- 
ously in some of the spectra at 1298 cm" 1 (Figs. 4 and 
5) can be assigned to the vc-c vibration. Most likely 
assignment for such a species would be to an unsat- 
urated organic-carboxylate compound such as an ad- 
sorbed acrylate species. Observation of similar bands 
following acrolein adsorption on Rh/AhOs, was at- 
tributed to surface acrylate species formed by oxida- 
tion of acrolein [26]. Similar species were generated 
by reaction of propene and NO over the same catalyst 
126]. 

33. XRD and TEM results 

The XRD patterns of the 3Ag and 6Ag samples 
in their initial calcined states and after reaction up 
to 823 K are shown in Fig. 7. Both samples inde- 
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Fig. 7. The XRD of (a) initial 3Ag; (b) post-reaction 3Ag; '(c) 
initial 6Ag; (d) post-reaction 6Ag: 



pendent of pretreatment history showed very similar 
patterns dominated by die 7-AI2O3 cpmgpnent. No 
peaks attributable to Ag, Ag 2 0 or Ag6 phases were 
detected. The absence of diffracting properties for the 
Ag-containing phases was confirmed by the use of 
electron diffraction (data not shown). 

Analysis of the TEM images gave evidence of the 
significant size reached by the Ag-containing particles 
after reaction (following the tests shown in Fig. 1); the 
average size being lOnm for the 1.5Ag specimen and 
24 nm in the case of 3Ag. As an example, Fig. 8 A con- 
tains a micrograph taken for the latter sample. Apart 
from the average particle size, this figure illustrates the 
broad particle size distribution present after reaction. 
Fig. 8B also contains a micrograph of the 3Ag cat- 
alyst before reaction which shows a smaller average 
particle size of ca. 12 nm as well as a significantly nar- 
row particle size distribution. The behaviour observed 
for this sample under reaction, i.e. significant aggre- 
gation of the Ag-containing particles and broadening 
of the corresponding distribution, was symptomatic of 
all catalysts studied. On the other hand, correlation 
of this data with those of diffraction techniques per- 
mits the conclusion that the formation of amorphous 
phases only occurs during the preparation procedure, 
and that these are stable under reaction conditions, in 
respect to the lack of long-range order. 



4. Discussion 

Several research groups have investigated the re- 
action mechanism of NO-SCR with hydrocarbons 
[16,22,2411 Although no general agreement can be 
found in the jjfoppsed mechanisms, it is generally 
agreed that for catalysts showing low N2O selectiv- 
ity, either the hydrocarbon or the NO (or both) have 
to be previously activated by formation of some ox- 
idised intermediates (in general terms, CxHj0 2 for 
the hydrdcarbbri and NO2 or surface NQ X i for the 
NO): These then interact with NO* or the hydrocar- 
bon (preactivated or not) to yield nitrogen-containing 
organic intermediates (R-NO x ). These decompose 
possibly-- Via fripre simple adsorbjed isq^yankte or 
cyanide groups which finally yield the reaction prod- 
ucts \ upon interaction with NO and/or Q2 [20^-22]. 
Consistent with this, in the case of neat alumina, it 
ha^- tfeen shown that both adsorbed acetate or nitrate 
species (generated; under NO-propepe lean condi- 
tions) can react with NO+62 or G3H6, respectively, 
to yield the final products [24]; The promoting effect 
of silver incorporation to the alumina catalysts has 
been demonstrated by ^diSe^ntf^ups [6,9,12,16], 
although the role of each of the catalyst components 
is still uncertain. In a recent study, it was proposed 
that the role of silver at relatively low loadings (giving 
the most active catalysts) was related to the increased 
rates of formation of R-NO* compounds, in agree- 
ment with the higher rates of formation of adsorbed 
nitrate species (from which the former are proposed 
to be created), which predominate under reaction con- 
ditions [16]. Consistent with this, the results obtained 
by in situ-DRIFTS for sample 1 .5 Ag (Figs. 3 and 4) 
show that detectable quantities of nitrate species were 
present when NO* reduction activity is produced. 
This contrasts with the behaviour of sample 6Ag for 
which a significantly lower amount of nitrate species 
is present under reaction conditions, being strongly 
depleted upon introduction of propene in the reaction 
mixture (Fig. 5). Such rapid consumption of adsorbed 
nitrate species for 6Ag could be related with the gen- 
eration of partial oxidation products of propene which 
are particularly reactive towards adsorbed nitrate 
species. This interaction would then lead to particular 
R-NOjc compounds which would decompose back 
to NO* instead of yielding NO* reduction products. 
However, this hypothesis does not seem very proba- 
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F,g. 8. Bright-field TEM pictures of (A) post-reaction 3Ag and (B) initial 3Ag. THe horizontal scales correspond to 50nm. 



ble given that no indication of the presence of such 
intermediates was obtained in the infrared spectra 
and that certain lower N0 2 yield is observed for that 
catalyst at 700-800 K. The differences observed in 
the infrared spectra between both samples suggest an 
important role of hydroxyl species present in sample 
l.SAg. The more acidic associated hydroxyls at the 
alumina surface (Fig. 4), are involved in the NO x 
activation processes of that sample. This opens up a 
new pathway for NO, activation that could produce 
a more facile regeneration of surface nitrate species 
leading to observation of a certain amount of these 
species under reaction conditions. The role of acidic 
hydroxyls in this reaction has been studied in certain 
detail in the case of acidic mordenites or H-ZSM-5 
catalysts [27,28], In those cases, NO, activation by 
interaction with acidic hydroxyls was thought to pro- 
ceed by generation of nitrosonium ions (NO + ) in a 
process involving H + (proceeding from the corre- 
sponding hydroxyls) consumption [27,28]. In the case 



of alumina-promoted catalysts, for which such species 
have not been detected, the nitrosonium ions could 
rapidly react with surface oxide ions and with oxygen 
to yield, either directly or through adsorbed nitrite 
intermediates, the observed adsorbed nitrate species: 

NO + + \p 2 + 0 2 ~(s) N0 3 ~(ad) 

As observed in the infrared spectra (Fig. 4), the 
. corresponding acidic hydroxyls are recovered by in- 
teraction with propene (or with intermediate products 
resulting from partial oxidation of this) thus closing 
the adsorbed nitrate production cycle. 

Production of significant amounts of carbon monox- 
ide appears to be a characteristic of acidic catalysts, 
as shown by Gerlach et al. [29] for acidic morden- 
ites. In that case, the ratio CO:C0 2 produced in the 
NO2-C3H6 reaction in excess oxygen approached a 
1 :2 value, which is close to that observed for the ac- 
tive catalysts (1.5Ag and 3Ag) used here. According 
to previous studies [29], this suggests that the mecha- 
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nism could involve either R-NO, intermediates of the 
acrylonitrile-type or proceed by oxidation of acrylic 
acid (or adsorbed aery late) by NO2 or nitrate species. 
In fact, observation of adsorbed acrylate [26] as a prod- 
uct of partial oxidation of propene (Figs. 3-5) corre- 
lates well with these proposals. It should be noted that 
such R-NO, intermediates have not been detected in 
any case, which could be due to their short lifetimes 
at the temperatures at which the catalysts are active 
for NO* reduction [30,31]. 

According to the TEM results, the size of the sil- 
ver entities active for NO, reduction (those present in 
1.5Ag and 3Ag catalysts) could vary in a relatively 
wide range (10-24 nm). It should be noted that these 
variations could lead to small differences in the reac- 
tion mechanisms operating in each case, in agreement 
with the slight differences observed in the reactivity 
profiles of these samples (Fig. 1). Another interesting 
point extracted from the TEM results concern the sig- 
nificant changes of the particle size of silver entities 
observed in the comparison of TEM pictures before 
and after reaction (Fig. 8). This suggests that the sil- 
ver entities active for the reaction present a significant 
mobility which contrasts with proposals suggesting 
that these entities are strongly stabilized by interaction 
with the alumina support [12] or by formation of sil- 
ver aluminate microphases [13]. Further experiments 
are required to clarify these aspects. 

Analysis of NO, and C3H6 conversion obtained 
for 6Ag suggests that the low NO, conversion level 
achieved can be partially attributed to a lack of hy- 
drocarbon resulting from the higher non-selective 
propene combustion activity of this catalyst. This 
is in agreement with previous results for Ag/Ah03 
samples with relatively high silver loadings [12,16]. 
This larger propene combustion capability could also 
explain the lower CO yield observed for this sample. 
However, analysis of the NO, and C3H6 conversion 
profiles (particularly in the 700-800 K range) of this 
catalyst in comparison with samples 1 ,5 Ag and 3Ag, 
along with the assumption that a linear response of the 
NO, reduction activity with propene concentration 
is achieved [5,16,32], indicate that the relatively low 
NO, conversion achieved by this system is not only 
due to a hydrocarbon shortage but also to an intrinsi- 
cally lower NO x reduction activity. This can be related 
with the lack of formation of a sufficient amount of 
adsorbed nitrate species under reaction conditions, as 



mentioned above. In this context, some differences are 
observed between the catalytic behaviour of sample 
6Ag and that shown by high silver loaded Ag/Ah03 
samples in other reports [12,16]. In the latter cases, 
a significantly higher C3H6 combustion activity was 
observed while NO, reduction produced substantial 
amounts of N2O. It has been proposed [16] that a 
different NO reduction mechanism exists involving 
NO (and O2) dissociation and further recombination 
to N2O and N2 over metallic silver particles present 
as a consequence of the lower silver dispersion (and 
thus of the lesser silver/alumina interaction which 
fails to stabilise active, oxidised silver states [12]). 
This parallels the mechanism proposed in the case of 
supported Pt catalysts [8]. The greater non-selective 
propene combustion capability has been related to the 
greater activation of both oxygen and propene which 
may occur in the presence of metallic silver [12,16]. 
In our case, it is not clear whether the lower NO, 
reduction activity of 6Ag is the result of generation 
of metallic silver under reaction conditions since such 
a phase could not be detected in the post-reaction 
X-ray difTractogram (Fig. 7d). Additionally, the C 3 H 6 
combustion activity of 6Ag in the presence of water 
is lower than that shown by Ag/Ah03 catalysts with 
high silver loadings in other reports [12]. the fact that 
lower N0 2 yields are observed for the highest loaded 
sample also contrasts with the behaviour of similar 
systems in the literature [16]. On the basis of these 
results, it could be tentatively proposed, as an alter- 
native possibility for the formation of metallic silver 
in 6Ag, that certain changes could be produced in the 
catalytic properties of amorphous silver oxide phases 
as a function of their relative particle size and/or of 
their degree of interaction with the underlying alu- 
mina. The presence of these amorphous phases could 
be related to the preparation method employed which 
includes a precipitation with an alkali. Under these 
conditions, some amount of surface Al can transfer 
to the aqueous phase affecting finally the larger Ag 
oxide particles, even if a definite silver aluminate 
phase were not formed. This would favour an amor- 
phous character in the resulting ill-defined mixed 
oxide. In any case, it should be noted that no infor- 
mation is available on the changes undergone by the 
silver-containing phases over a large range of reaction 
temperatures, since only samples at the post-reaction 
temperature stage were studied. As proposed by 
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Bethke and Kung [12], it is possible that such metal- 
lic silver phases are stable only at certain reaction 
temperatures which cover the main reactivity range. 
The different behaviour of sample 6Ag with respect 
to other systems of similar characteristics [12,16] can 
also be related to the different conditions employed in 
the catalytic tests, considering that lower N2O selec- 
tivities and C3H6 oxidation activities are observed in 
the presence of water [12]. Lower propene oxidation 
activities have also been observed in the presence of 
water, as compared to dry reagent gases for other alu- 
mina supported systems [33], It does not seem likely 
that results obtained for 6Ag could be the result of 
poisoning effects due to the presence of the CO* or 
NO* species observed in the spectrum of the initial 
calcined sample (Fig. 2). This statement is based on 
the fact that DRIFT spectra recorded at 723 K before 
recording the background spectrum prior to intro- 
duction of NO and 0 2 (Fig. 5a), show only a small 
band at 1545 cm" 1 , probably due to the presence of 
residual nitrate species. This was detected in the re- 
gion corresponding to CO* and NO x (spectrum not 
shown), and showed considerably lower intensity than 
bands for similar species observed for sample 1.5Ag 
under reaction conditions at similar temperatures 
(Fig. 3). 

To conclude, on the basis of comparisons be- 
tween the different in situ-DREFTS experiments, it 
is proposed that the main role of the most active 
silver-containing phases for NO x reduction (as in 
1.5Ag) lies in their capacity to activate NO* species 
towards their reaction with the alumina support (via 
acidic hydroxyls), helping to maintain a relatively 
high concentration of adsorbed nitrate species at 
the catalyst surface. The small differences in inten- 
sities and nature of the hydroxyl species of initial- 
1.5Ag and 6Ag samples (Fig. 2) suggest in any case 
that deactivation of the silver-alumina interactions 
responsible for the catalytic activity cannot be at- 
tributed to blocking effects by silver of active sites 
on the support. It seems more likely that it is the 
different nature of the silver-containing phases in 
each case which determines the behaviour towards 
NO, activation which leads as a consequence to the 
catalytic behaviour observed in each case. Deactiva- 
tion of the 1.5Ag catalyst which is produced by brief 
pre-reduction in C 3 H 6 at 723 K (a treatment presumed 
to decrease the silver dispersion [16]), as inferred 



from the experiments of Fig. 6, would support this 
argument. 
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